Abstract. We report specialized interplane magnetoresistance (MR) measurements on the organic superconducting compound β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 (where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene) in both the superconducting (T c ∼ 5 K) and normal states versus magnetic field direction. In the normal state, detailed angular-dependent magnetoresistance oscillation (AMRO) studies reveal peculiar features of the Fermi surface topology of this compound, and very high magnetic field studies further support the unusual nature of the electronic structure. In the superconducting state we investigate, through detailed AMRO measurements, the anomalous MR peak that appears within the superconducting field-temperature phase diagram. Our results reveal a direct connection between the superconducting state determined from purely in-plane field, and the vortex lattice produced by the inter-plane magnetic field. We also describe several unique sample rotation instruments used in these high field experiments, including the use of dysprosium pole pieces in combination with a 45 T hybrid magnet to carry out measurements at the highest steady-state resistive magnetic field (47.8 T) yet achieved.
Introduction
In this paper, we focus on the superconducting and normal state properties of the organic charge transfer salt β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 [1] , as explored by detailed angular-dependent magnetoresistance oscillation (AMRO) and high magnetic field measurements. This particular type of organic charge transfer salt is unusual in that both the electron donor molecule, BEDT-TTF, and the anion, SF 5 CH 2 CF 2 SO 3 − , are organic. Equally unique is the low symmetry nature of the anion, and the less common β stacking motif of the donor molecules. Physical and electronic structural aspects of the material are shown in figure 1 .
Some of the unusual physical properties of this material, to be further addressed in the present study, are:
Fermiology
Band structure calculations [2] predict a single closed orbit and open orbit sheets (figure 1(c)). Shubnikov-de Haas (SdH) and de Haas-van Alphen (dHvA) measurements [3] give extremal orbits that are considerably smaller than the predicted orbit size which is expected to be about 14.8% of the FBZ. Likewise, AMRO studies, which yield a description of the in-plane, azimuthal dependence of the Fermi momentum k F (φ) [4] - [6] , indicate a much more elliptical orbit than described in figure 1(c) [3] . Specifically, the FBZ area is 0.377 Å −2 , the quantum oscillation area from SdH and/or dHvA is ∼200 T (or 0.0192 Å −2 = 5% of the FBZ), and the AMRO yields 0.0194 Å −2 .
Quantum oscillations
Wosnitza et al [7] (and earlier Zuo et al [8] ) have made extensive MR measurements on this material. They find that in addition to the SdH oscillations indicative of metallic behaviour, there is an additional background MR that increases with increasing field and lower temperatures i.e., the background MR exhibits field-induced metal-insulator behaviour. By taking into account the background MR and computing the oscillatory conductivity from the data, good agreement can be found between the SdH data and complementary magnetization (dHvA) waveforms measured independently. (An alternative interpretation involves a thermal activation mechanism between Landau levels [9] .) 4
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT 3 . Superconductivity Another unusual aspect of the MR in β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 occurs at the superconducting critical field transition where a peak in the MR is observed in the vicinity of B c2 for field and current perpendicular to the conducting layers (B c and I c) [10] . This peak effect, which is found in a number of low dimensional superconductors, is thought to arise from dissipation in the Abrikosov vortex lattice structure caused by a decrease in interplanar Jospephson tunnelling near the critical phase boundary [10] - [14] .
In the study reported here, we take a closer look at some of these anomalous aspects of the compound through high field transport measurements and detailed AMRO studies in both the normal and superconducting states. We find that the metal-insulator behaviour seen in the background MR continues to 45 T; that the AMRO, normally dominated at low-fields by oscillations due to commensurate FS effects [15] , is instead dominated at 45 T by SdH oscillations with very high amplitudes at 45 T; that detailed two-angle AMRO at lower fields shows an anomaly along certain crystallographic directions; and that MR in the superconducting critical field region shows unambiguously that the peak anomaly near B c2 is indeed related to the Abrisokov vortex lattice induced only by magnetic fields perpendicular to the conducting layers.
Experimental methods and results
The single crystal of β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 used in this study was prepared by electrochemical methods [1] and the crystallographic alignment was checked by x-ray diffraction. Resistance measurements were carried out for current applied parallel to the c-axis direction (interplane transport) using a standard four-terminal constant current ac configuration typically in the 10-100 µA range. Earlier results involving an angular-dependent investigation of the same crystal using a two-angle rotation system in a 14 T magnet at the National Institute for Materials Science, Tsukuba, Japan have been previously published [16] , and some additional study from that study is reported herein. In the present study, we focus on high field study carried out in the 45 T Hybrid magnet [17] - [19] at the National High Magnetic Field Laboratory (NHMFL), Tallahassee, USA, more detailed two-angle AMRO studies carried out in a 18 T superconducting magnet at the NHMFL, and MR studies in the superconducting state carried out in a singleangle rotation system in a 9 T superconducting magnet at the Nanotechnology Research Institute (AIST), Tsukuba, Japan.
High field MR and AMRO measurements
For the 45 T experiment, a special rotation platform was built that operated at helium-three temperatures within the poles of a dysprosium field enhancement stage [20, 21] , as shown in figure 2 . At low temperatures, the magnetization field B sat of Dy saturates to a value of ∼2.8 T at applied fields less than 0.5 T at low temperatures [20] , and in the present measurements, we report the saturated field B tot = B applied + B sat , where B tot reaches 47.8 T when the Hybrid is at full field.
Representative data is shown in figure 3 for β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 at 0.9 K for I c and B c. For the field sweep data in figure 3(a), full superconductivity is observed below a field of about 3 T, although the details of the MR in this range are complicated by the rapid Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 2 . Dysprosium field-enhanced sample rotation stage. Left image: rotation assembly (brass with stainless steel shafts and set screws). Here the sample is placed at position S on a flat portion of the rotation axle, and sample leads are fed out through an axial clearance hole. Right image: vertical cross-section (along the field direction) of the two Dy pole pieces. The poles are held in place inside a stainless steel tube with brass end caps and a central spacer with a rectangular clearance for access to the pole gaps. The tongue of the rotation stage is inserted into the clearance gap, and the rotation stage is secured to the Dy pole assembly by a semi-cylindrical clamp. The sample is positioned centrally and rotates through 360
• between the 1.5 mm gap of the Dy pole pieces.
saturation of the Dy pole pieces. Nevertheless, the anomalous MR peak, to be discussed in more detail below, is clearly observed. At higher fields, the quantum oscillations associated with the 200 T SdH frequency are apparent, as is a rise in the background MR. In figure 3(b) , the AMRO at 47.8 T is presented for a complete rotation of the polar angle θ through 360
• . (We note that this experiment took 1 h, and that 47.8 T was maintained for the entire period. To our knowledge, this is the highest dc magnetic field experiment yet performed).
The high field measurements confirm the appearance of the anomalous background MR that increases with magnetic field [7, 8] . By determining R B (B) (the background MR from either the peaks or valleys of the SdH waveforms), and using the standard prescription to compute the oscillatory conductivity
−1 , we can reproduce the essential features in σ osc complementary to the magnetization signal [7] as shown in figure 4 , including the asymmetry of the wave forms. The presence of the background MR and its implications for metal-insulator behaviour are the first indication that the details of the electronic structure of this compound are not yet well understood.
The AMRO measurements performed at 47.8 T in figure 3 (b) reveal the appearance of SdH oscillations to much higher angles than standard low-field studies. In contrast, the AMRO described below, are greatly obscured in the data. Comparisons between the SdH and AMRO behaviour are presented in figure 5 . Some remarkable features of the SdH oscillations include their very high amplitude at large angles where the spin damping term [22] would otherwise make The formalism used to describe the AMRO measurements involves the following basic relationships. In reference to figure 1(c) for instance, a sample rotated in a constant magnetic field is achieved where the polar angle θ is defined as the angle between the field and the c-axis. In addition, the azimuthal angle φ defines the direction of rotation of the field with respect to the a-b plane. Due to the warped cylindrical nature of the hole orbits in layered materials [15] , the interplane MR will oscillate periodically with tan (θ) according to
where we consider only interplane hopping of the carriers [6, 23] . There will be maxima in the interplane MR R zz associated with integers n = ±1, 2, 3, . . . that appear with period tan (θ) = tan (θ n ) − tan (θ n−1 ) (where we note that there is a π/4 phase shift upon crossing θ = 0). For a strictly circular orbit, k B max will be the k F , and hence k F = π/c tan (θ). For non-circular orbits as in figure 1(b) where the k F is a function of azimuthal angle, i.e. k F (φ), a geometrical construction is used to construct k F (φ) from k B max (φ) [6, 23] , where it is noted that the more elliptical the real k F (φ) orbit becomes, the more 'peanut-like' k B max (φ) appears [3, 24] .
Since at high magnetic fields the SdH oscillations can also be present, additional features in the MR will appear, especially in quasi-two dimensional (2D) (cylindrical FS) systems as in the case of the title material. In this case the component of the field parallel to the cylindrical Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT FS, which produces the SdH signal, will change with angle as B c = B 0 cos (θ). Hence, as discussed above, a rotation of θ from 0 to 90
• is like sweeping the B c field from B 0 to 0, and this will produce SdH oscillations. The middle trace in figure 5(a) represents the anticipated result of rotation based on figure 3(a), assuming no other effects. However, since there is a difference between the orbital Landau level spacing and the Zeeman spin splitting, an additional spin attenuation (SA) factor arises, comprising the temperature, Dingle, and spin-zero terms, which modulates with θ the amplitude of the fundamental SdH amplitude [2] :
Here the cyclotron mass µ c and the product of the g-factor and the effective mass gµ b are both proportional to 1/ cos (θ). (This reduction factor is shown in the lower trace of figure 5 (a)). The effect of the SA term is to diminish, in a periodic manner, the SdH amplitudes as the field is rotated away from B c. Although the SdH amplitudes at first attenuate as expected with the spin-zero amplitude, the amplitudes at large angles become very large. Moreover, the direct correspondence between the SdH peak positions from the field sweep and rotation data breaks down almost immediately as the field is rotated away from B c. The apparent anomalous behaviour of the SdH oscillations (i.e. the large amplitudes and the difference of the SdH peaks for comparable B c and B cos (θ) values) may result from other factors we have not here taken into account, such a more complete inclusion of the angular dependence of the Lifshitz-Kosevich attenuation factors [22] , and the influences of the AMRO background and MR background. A more extensive experimental and analytical treatment will be needed to sort out the details. The AMRO oscillations (periodic in tan (θ) as shown in figure 5 (b)) are apparent, but significantly obscured by the much larger SdH signal in the data. Because the plane of rotation is near the b-c plane, the AMRO appear at large values of tan (θ), where the uncertainties become greater. Following equation (1) , the approximate period is tan (θ) ∼ 2 which corresponds to k B max ∼ 0.09 Å −1 . As we will discuss in the next section, the AMRO period near the b-c plane is also anomalous.
Continuous θ − φ AMRO measurements
In high field magnets and at cryogenic temperature, continuous multiple angle rotations become more challenging. For the 50 mm bore 31 T resistive and 20 T superconducting magnet systems at the NHMFL, we designed a unique rotation system as shown in figure 6 . The essential feature of the design is that for every 360
• rotation of the sample with polar angle θ, the sample platform also rotates about its orthogonal azimuthal axis by 6.92
• . The latter is accomplished by meshing the 52-tooth gear on the perimeter of the sample holder with the threaded, fixed axle of the rotator. Through the use of either sliding contacts, or by spooling twisted pair leads on to the rotator body, continuous rotations of both θ and φ could be carried out using a single rotation shaft (driven by a stepper motor) until a complete 2π rotation of both angles could be accomplished. Representative data for β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 carried out at 1.5 K and 10 T in a superconducting magnet is shown in figure 7 .
To prepare the data set shown in figure 7 for analysis, it was useful to determine the position of each of the superconducting minima that appeared whenever the field was exactly in-plane. Because the sample was only partially superconducting at the field and temperature of the measurement, this was a very sharp and precise feature. (Even when the sample is not 9
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 6 . (a) Rotation assembly for continuous θ − φ MR measurements. A single shaft from room temperature operates the main θ-rotation motion of the sample platform assembly. The 52-gear tooth sample platform (S) is meshed with threaded axis that is clamped to the body of the assembly; for every 360
• rotation of the main rotator body, the sample platform advances continuously in φ by 6.92
• . The central axis and set screws are non-magnetic stainless steel. The body of the rotator and all gearing is made of brass. Twisted pair cabling is drawn from a supply spool on to the shaft spool to allow continuous electrical four-terminal contact to the sample. Sliding graphite contacts have also been used for continuous sample electrical contact during rotations. superconducting, a peak or valley feature is generally observed for the in-plane field orientationsee the B a-b points in figure 3.) Since there is always uncertainty in placing the sample with the a-b plane exactly parallel to the sample platform, a comparison of the position of the superconducting minima with respect to the digital stepper count produced an alignment error signal ('dither') that was taken into account in the analysis, as shown in figure 8(a) . This measurement also allowed the determination of the azimuthal dependence of the MR in the exact in-plane critical field region for this temperature and field, as shown in figure 8(b) .
Comparisons of the experimental data with the results expected from the computed FS are shown in figures 9 and 10. The results associated with equation (1) are presented in figure  9(b) , where the value k B max is plotted versus azimuthal angle φ. To produce these results, the data was Fourier transformed with respect to tan (θ) for each interval of θ = π to obtain the period in tan (θ). The intervals of φ are ∼3.46
• since φ changes by this amount for each π interval of θ. We note that although the standard 'peanut' pattern characteristic of an elliptical orbit is obtained, there appears to be a discontinuity to a second behaviour for field rotations in the azimuthal plane between the b and c directions. In figure 10(a) , the predicted AMRO signal based on the computed FS topology of figure 9(a) is shown, where a semi-classical Boltzmann transport treatment was employed following Yagi [25] . A con tour plot of the data from figure 7 (negative second derivative) is shown in figure 10(b) , where it is clear to see that the FS topology expected from the band structure calculations cannot explain the vanishing of the AMRO oscillations along specific azimuthal directions. (In reference to figure 7(c), the progression from a finite to a vanishing oscillation period is evident). It is useful to compare the data with earlier results presented in figure 2 of [3] (in particular, the trace for φ = 50
• ). For this angular region only one maximum is seen. Since SdH and dHvA oscillations are observed, there must be a closed FS of certain area, irrespective of the indications from the AMRO results for this direction. (a) Predicted k B max derived from the hole orbit FS topology from band structure calculations [2] using the geometrical construction [6] . (b) k B max (φ) derived from the data in figure 7 . The three data sets are for each cyclic interval θ = π, θ = +π/2, and θ = −π/2 (due to the phase factor 1/4 in equation (1), a full Fourier transform of the π interval mixes the different ±π/2 periods slightly). The inset shows earlier results from [3] where the elliptical FS is derived from the geometric analysis of k B max (φ). The new more extensive results indicate that the semi-minor axis of the ellipse is too small to be defined in the central region. 
AMRO in the superconducting critical region
In the third part of this investigation, the MR behaviour in the superconducting state was investigated in detail using a single angle rotator in a 9 T magnet (PPMS: Physical Property Measurement System, Quantum Design, San Diego, CA). Here the sample was rotated in the x-y plane and the azimuthal dependence was not studied. (The plane of rotation was near the a-c azimuthal direction). Representative data showing the interplane (R zz ) MR anomaly are given in figure 11 , where we note that the current direction is in all cases I c. At intermediate temperatures between T c and T → 0 and a corresponding field range for 0 < B ∼ B c2 . The MR reaches a peak for B c. At higher fields the MR is negative, reaches a minimum, and then increases towards the SdH region (see figure 3(a) ). For fields directed in-plane, i.e. B a-b, there is neither a peak nor negative MR.
To explore in more detail the behaviour of the interplane resistance between the two limiting cases shown in figure 11 , a set of systematic sample rotations were carried out for different temperatures and magnetic fields. Typical data are shown in figure 12(a) . Here B a-b coincides with θ = 90
• . At 1.86 K, the sample is completely superconducting in this field direction until 9 T. Although the AMRO signal is quite evident in the data for rotations away from 90
• , a peak in the MR not related to the AMRO appears near ±90
• . However, between 7 and 9 T, this peak disappears. At 3.4 K in figure 12(b) , the AMRO are less apparent, and the superconducting and MR peak behaviour are more apparent. Again we note that between 5 and 9 T, the MR peak near ±90
• disappears. By plotting the same results versus the perpendicular and parallel field components B c = B cos (θ) and B a-b = B sin (θ) respectively, the role of each becomes more apparent, as shown in figure 13 for three different temperatures. Comparing the same data sets at 3.4 K shown in figures 12(b) and 13, it is clear that the MR peak appears at a relatively constant value of B c, and that it then vanishes when B a-b eventually starts to drive the sample normal. In figure 14 , the relative height of the MR peak is compared with the • ), a zero resistance state appears below 9 T at 1.86 K and below 6 T at 3.4 K. In the zero resistance state for B a-b, in fields tilted away from ±90
• , the MR shows a peak. When the B a-b resistance is no longer superconducting, the peak is attenuated. The oscillations at higher fields represent AMRO. in-plane resistivity for the 4.3 K data, and the correlation between the MR peak and the in-plane superconductivity is made more clearly. Referring again to figure 14, data for higher temperatures is again consistent with this picture.
In another MR rotation experiment, the MR peak phenomenon was investigated for two different azimuthal rotation planes, as shown in figure 15 . Here data were taken at special angles Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 15 . MR (left-hand side panels) taken at AMRO minima and maxima (right-hand side panels) for two different azimuthal rotation planes. The MR data are plotted versus B c to show the relation of the MR peak to the perpendicular field component. The data were taken by setting the rotation angles, and then sweeping the field from 0 to 14 T.
for both AMRO maxima and minima (see also [16] ). For rotations near the a-c plane, the correspondence of the peak with a nearly constant B c field component is consistent. However, for rotations near the b-c plane where the AMRO features only appear near polar angles of 90
• the MR peak location is more scattered with respect to a constant B c value. Although the uncertainties in B cos (θ) are larger near 90 for errors in θ, the deviations in the peak positions from a constant B c component seemed to be outside the estimated errors.
In figure 16 , we summarize the field and temperature-dependent parameters that are important to the MR of β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 . Notably, the MR peak, plotted against the perpendicular field component (independently from finite parallel field), lies between the irreversibility line and thermodynamic critical field, and the MR minimum (also associated with the perpendicular field), lies near or just above the thermodynamic critical field.
The MR peak in the interplane resistance is common to a number of low dimensional systems including κ-(BEDT-TTF) 2 Cu(SCN) 2 [27] κ-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br [14] , and β-(BDA-TTP) 2 SbF 6 [28] . A general picture that leads to a model for this behaviour is one for a layered superconductor where the field and current are directed along the c-axis direction, perpendicular to the layers. Under these conditions, it is assumed that for sufficient interplanar spacing, pancake vortices exist in each layer, and there is no Lorentz-force related dissipation. Currents between layers can arise from two mechanisms. The first is by Josephson coupling Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 16 . Summary of critical field behaviour for β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 . The irreversibility line and the thermodynamic critical field are from magnetization and specific heat measurements respectively [26] . The loci of the field at the MR peak, the MR minimum, and the upper critical field for B a-b from MR are from the present study. Note that the MR peak is for the B c component of the magnetic field B cos (θ). Lines are polynomial fits to the data. of the vortices. Models for this coupling originate from earlier study on superconducting tunnel juctions. For a resistively shunted junction (RSJ), the junction conductance is
where Y N is the normal state conductance and J 0 is the modified Bessel function. γ(T ) is the Ambegaokar-Halperin parameter [29] γ =hI c (T )/ek B T , where γ is the ratio of the Josephson coupling energy to the thermal energy, and I c (T ) is the Josephson critical current. For tunnel junctions, the critical current can be described by the Ambegoakar-Barotoff expression [30] 
where is the superconducting gap and R N is the normal state resistance. The second contribution to the interlayer transport is the quasiparticle tunnelling Y qp . Hence, the total conductance will be the sum of the two contributions, the superconducting pair conductivity Y sp (see discussion below) and Y qp ,
The essential feature of the model is that even in the presence of superconducting vortices, if the coupling is sufficiently weak due to fluctuations, the effective interplanar conductance can be even lower than in the normal state. This effect is enhanced by a reduction in the quasiparticle contribution to the conductivity due to the superconducting gap. Hence under these conditions, the conductivity (resistivity) can exhibit a dip (peak) in the intermediate range of temperature and/or magnetic field near the superconducting T -B phase boundary.
The RSJ model has been applied to both cuprate superconductors and to organic conductors where the RSJ parameters depend on the system. The original model in [29] was applied to BiSCCO by Briceno et al [11] to explain the resistance peak in the interlayer resistivity in the critical region. Here the normal state resistance term 1/Y n term in the model was given by an empirical relation ρ 0 T 7 exp ( /k B T ), and the critical current I c (T ) was modelled with power law scaling behaviour for the current density where the total current was dependent on the vortex area, i.e.,
Gray and Kim [12] refined the model by considering the case of an unshunted junction to separate the purely junction pair contribution to the conductance Y sp by subtracting
The application of the model to the organic superconductor κ-(BEDT-TTF) 2 Cu(SCN) 2 was first described by Friemel et al [13] who used the Gray and Kim [12] expression in combination with I c (T, B) determined from experimental V(I ) measurements where the field-dependent junction density was taken into account, and 1/Y qp in the form A + BT 2 + C exp ( (T )/k B T . This last expression represents the quasiparticle resistance in terms of metallic Femi liquid behaviour in series with interplanar tunnelling due to the opening of the gap below T c . A BCS expression for (T ) was also used. With these assumptions, the MR peak at lower fields was satisfactorily fit to R zz for κ-(BEDT-TTF) 2 Cu(SCN) 2 particularly in the lower field range where the vortex density is not too large. The failure of the model to fit the high field data has been noted more recently by Zuo and co-workers [10] who have examined the MR peak behaviour in both κ-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br [14] and β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 [10] . The negative MR extends well beyond the peak field, and the models cannot yet explain this. To gain some insight into this problem, an overview of the characteristic magnetic field features from this study and others [26] is given in figure 16 . As noted above, as long as the in-plane field is below the upper critical field line, a finite perpendicular field will produce a MR peak. Although the data are less extensive, the MR minimum appears to lie close to the thermodynamic critical field. If this is indeed the case, then the phenomena associated with the MR peak and negative MR lies within the superconducting state, except perhaps for some narrow fluctuation region at or above B c2 .
The main importance of our results is that even for large in-plane fields below B c2 a-b, the addition of a finite inter-planar field component will produce the MR peak effect. This result provides additional evidence for the validity of the model in terms of its origin in the Abrisokov vortex lattice that can only be produced by a B c field. The peak effect is correlated unambiguously with the presence of superconductivity. Hence it cannot arise purely from mechanisms such as interplane metal-insulator behaviour, magnetic scattering, etc. We also note that in previous study on κ-(BEDT-TTF) 2 Cu(SCN) 2 , the MR peak is suppressed very rapidly with uniaxial stress [31] applied perpendicular to the interplane direction, much more so than the suppression of H c2 . This is consistent with an increase in interplanar Josephson coupling, which would correspondingly reduce the junction resistance in the superconducting state.
Discussion and summary
We have presented specialized measurements of the interplane resistance of β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 where some of the details of the electronic structure and superconducting properties have been explored. We now discuss our results in order of their presentation in section 2.
Very high field measurements
It is clear that the very high field AMRO-type experiments reveal new regimes for this type of measurement. The appearance of very large SdH amplitudes in β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 for large angles away from B c was very surprising. One possible origin of such an effect is that due to some as of yet undetermined warping, the Landau level energies and the Fermi energies were in coincidence at high angles of order 60
• away from B c. Although not in tilted fields, similar effects have been reported in β-(BEDT-TTF) 2 I 3 [32] . Clearly, systematic studies versus both θ and φ in the 45 T range would be very informative in revealing more detailed aspects of the 3D FS topology, in combination with a more complete treatment of the Lifshitz-Kosevich damping factors and the effects of the background AMRO and MR.
Highly systematic AMRO studies
An automated two angle rotator also produced detailed information at lower fields where measurements versus θ and φ, confirmed previous assertions that the ARMO study for β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 reveals a highly elliptical closed orbit, in disagreement with the band structure predictions. Moreover, in measurements where the sample was continuously rotated in field through the b-c region it is clear that there is a sharp change (increase) in the tan (θ) period. Hence even the width of the semi-minor axis of the FS ellipse is uncertain. The region where the rapid change in behaviour occurs is correlated with the real crystal structure as shown in figure 17 . It is possible that the open orbit band contributes in some unknown way to the AMRO signal, or that the cylindrical FS is warped, also in some unknown manner. It is important to note that in all of our AMRO measurements on the sample describe herein, we have not observed the 'coherence peak' at B a-b for any azimuthal angle in the normal state. This is consistent with previous, comparative studies [33] where for some organic superconductors such as κ-(BEDT-TTF) 2 I 3 , this feature is observed, but not in the case of β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 . The absence of this peak is an indication of incoherent interlayer transport [34, 35] , and this may also be a factor in the unusual behaviour of the AMRO. The systematic rotation study also produced detailed azimuthal in-plane information about the MR in the vicinity of the superconducting transition as shown in figure 8(b) . It is interesting to note that the azimuthal region where the MR(φ) has a minimum, indicating a higher critical field, is the same region where the tan (θ) period changes dramatically. Figure 8 (b) also shows additional symmetrical features in the MR(φ) data that are correlated with the crystal structure, and further study at different fields in the critical field region where the resistance is not zero would be very useful to better map out these symmetries for comparison with the electronic and physical structure of the compound.
Interplane transport in the superconducting critical region
The MR peak in the interplanar resistance that appears in a number of layered superconducting compounds has proved to be a rich source of new physics. The main results of this study, at least for the compound β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 , are that: (i) the MR peak depends primarily on the perpendicular field component B c; (ii) the MR peak will appear for finite B c as long as the sample is superconducting when B a-b is below B c2 a-b; (iii) the MR peak is unambiguously correlated with the superconducting state, and even the MR minimum which appears at higher fields, is limited by the thermodynamic critical field for B c. (It is noteworthy that the absence of the 'coherence peak' discussed above as evidence for incoherent interlayer transport is not a necessary condition to observe the MR peak, since for β-(BDA-TTP) 2 SbF 6 [28] and κ-(BEDT-TTF) 2 Cu(SCN) 2 [36] both the coherence and MR peaks appear). Although the models based on the RSJ concept can fit the data for different materials, the fitting parameters can be unrealistic, and the high field agreement is not possible in any case. Future study will be needed, in light of figure 14, to properly treat the critical region at high fields. Also, in the present study, we note that for substantial in-plane fields below the upper in-plane critical field, the MR peak shows deviations from purely perpendicular B c field behaviour. This is evident in the slight curvature of the MR peak positions in figure 13 with respect to the B c − B a-b plane, and also in the data shown in the lower panel of figure 15 , where most of the data is at very high tilt angles and therefore high in-plane fields approaching 14 T. Since the in-plane field can produce Josephson vortices, and since for I c a Lorentz force is possible for tilted samples, other effects must come into play at some point.
Conclusions
Our study shows that advanced instrumentation combined with highly systematic measurements at high magnetic fields and low temperatures will yield new information about materials. We have presented new measurements on the completely organic superconductor β -(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 in high magnetic fields and also in highly systematic angular-dependent studies. Although the general behaviour of the MR follows the standard behaviour observed in the general class of organic materials with a quasi-2D hole orbit, our investigation shows that in essence, the tight binding band structure prediction for the FS topology associated with the closed orbit cannot explain the data, particularly when the field is directed in the vicinity of the b-c plane. In this region, the three properties: SdH amplitudes; tan (θ) period, and superconducting critical field, all show significant deviations from a conventional elliptical description of the hole orbit topology. Likewise, for B c as in figure 3(b) , there is no evidence (i.e. a 'coherence peak') for coherent interplane transport, and to date, no direct evidence for the 1D band has been forthcoming. To determine the origin of this behaviour, two possibilities arise, namely the unique nature of the completely organic, low symmetry anion SF 5 CH 2 CF 2 SO 3 − , and/or the role of the open orbits in the physical properties, particularly at strategic field directions where the unconventional properties appear. Finally, we have been able to strengthen the correlation of the anomalous MR peak seen in the superconducting critical field region with the appearance of Abrikosov vortices induced by perpendicular fields, even in the presence of much larger Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT in-plane fields, as long as the latter is below the upper critical field. Hence this MR peak cannot arise from non-superconducting mechanisms involving R zz , such as interplane incoherence and metal-insulating behaviour.
Although the present and previous investigations of this material represent a significant effort, as described above there are many mysteries, and opportunities, awaiting future researchers in this area. As very high field magnets, both dc and long-pulse systems, become more accessible, truly systematic studies (versus T , P, θ, φ, etc) to follow up on measurements as in figures 3 and 7 will be more practical. Since more subtle features in AMRO signals are enhanced at higher fields, many of the mysteries may finally be addressed.
